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plasmonic metasurface ( Fig.1 lower panel) . The wavevector of the surface wave keeps increasing, and the confinement of the surface wave to the metasurface is enhanced, leading to increasing optical losses. Optical power will thus be dissipated via Joule heating in the plasmonic metasurface. The directional coupling of modes in waveguides integrated with gradient metasurface structures allows us to demonstrate mode conversion, polarization rotation, perfect absorption, and highly asymmetric optical power flow in waveguides.
The gradient metasurfaces are very different from metamaterials and metasurfaces that have been previously used to control guided waves [21] [22] [23] [24] [25] . The gradient metasurfaces control guided waves by strong scattering at subwavelength intervals, and the phase jump dΦ as a result of optical scattering increases linearly along the metasurface structure. As a result, the gradient metasurface has a strong and collective action on the waveguide modes in the sense that over a propagation distance of only a few times of the wavelength, an effective wavevector of many times of the phase gradient dΦ/dx is imparted onto the incident wavevector, resulting in a large overall wavevector change. This strong and collective effect of the gradient metasurface allows us to substantially reduce the device footprint, and thereby achieve super broadband device performance, which is hard to attain in conventional integrated photonics. Figure 2 shows a device that supports highly asymmetric optical power transmission at λ = 2.5 µm when the fundamental TE waveguide mode is launched along opposite directions. The gradient metasurface structure consists of 56 gold nanorods with different lengths located on the top of a Si 3 N 4 waveguide ( Fig. 2(a) ). Figures 2(b) and (c) are finite-difference time-domain (FDTD) simulations showing mode evolutions in two opposite propagation directions. In the forward direction, the incident TE 00 mode is converted into the TM 10 mode (Fig. 2(b) ). In the backward direction, it couples into surface waves and optical power is strongly absorbed at λ = 2.50 µm (Fig. 2(c) ), with very limited reflection back into the input port or optical scattering into free space and the substrate. The lower panel of Fig. 2(d) shows that optical power flow bends upwards and terminates at the antenna layer on the top surface of the waveguide. The transmission of optical power in the forward and backward directions is 42.9% and 0.21%, 4 respectively, at λ = 2.50 µm (Fig. 2(e) ). The ratio of transmission spectra is maintained at a high level (>100) between λ=2.44 µm and 2.64 µm and reaches its peak of ~204 at λ = 2.50 µm ( Fig. 
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2(e)).
We developed a special coupled-mode theory to model the highly asymmetric mode coupling in the device (Supplementary Section VIII). Figures 2(f) and 2(g) show that our coupled-mode theory can describe the mode evolution in both propagation directions accurately. The most important feature of our theory that distinguishes it from the conventional coupled-mode theory [26, 27] is that the coefficients that govern the coupling strength between two modes are different (e.g., κ 12 ≠ κ 21 for the coupling between TE 00 and TM 10 modes and κ 13 ≠ κ 31 for the coupling between TE 00 and surface waves). The physical reason for the asymmetric coupling coefficients is that the unidirectional phase gradient provided by the metasurface structure breaks the symmetry of optical power transfer between two modes. For example, a phase gradient dΦ/dx=∆k that is aligned with the light propagation direction will facilitate a higher-order waveguide mode to couple into a lower-order one, but will inhibit the reverse process. Note that our devices are reciprocal and do not break time-reversal symmetry; details on this will be provided in the discussion section.
We experimentally demonstrated asymmetric optical power flow in waveguides patterned with gradient metasurfaces. The devices consist of a Y-branch waveguide and two gradient metasurface structures with opposite orientations (Figs. 3(a)-(b) ). Each gradient metasurface structure is positioned at the center of the top surface of one waveguide branch and consists of a phased array of gold nanorod antennas according to the design shown in Fig. 2(a) . In the experiments, an incident laser beam with tunable wavelength between 2.40 and 2.50 µm and controllable polarization was coupled into the input port of the device using a single mode midinfrared fiber, and excited preferentially the TE 00 waveguide mode. An infrared camera was used to image the output ports of the two waveguide branches, and the ratio of light transmission through the two ports were monitored as a function of wavelength. Without antenna arrays, the input light is separated equally between the two branches and the two optical spots at the output ports have the same intensity. However, in devices patterned with gradient metasurfaces, we observed large differences in light transmission through the two ports (Figs. 3(c)-(d) ) (see also 5 Supplementary Section III). Figure 3(c) show images of the two optical spots at the output ports at different wavelengths ranging from 2.43 to 2.47 µm. In the right branch, light is efficiently converted into surface waves by the gradient metasurface and optical transmission is small. In the left branch, the incident TE 00 mode is converted to the TM 10 mode, which leads to large optical transmission. The differential transmission reaches its peak value of ~35 around λ = 2.45 µm (Fig. 3(d) ).
Mid-infrared waveguide mode converters based on plasmonic gradient metasurfaces This large change to the effective mode index occurs during a propagation distance of 12 µm (i.e., length of the antenna array), which is just three times of the free space wavelength, λ = 4
µm. The power transmission of the mode converters is between 36% and 71% and optical losses are mainly due to absorption in gold nano-antennas. The purity of the converted modes can approach unity and high purity is maintained over a broad wavelength range. For example, the purity of the converted TM 10 mode is above 90% in a wide wavelength range from λ = 3.5 µm to 5.1 µm (Fig. 4(b) ). Figure 5 shows the performance of a few waveguide mode converters fabricated according to the designs in Fig. 4(a) . We used a grating coupler to couple the output of a λ = 4 μm quantum cascade laser into the fundamental TE waveguide mode, which then interacts with gradient 6 metasurface structures and is converted into the desired output waveguide modes. The converted modes exit from the cleaved facet at the end of the waveguide and radiate into the far-field. To characterize the converted modes, we measured their far-field profiles by raster scanning a single-pixel InSb detector in front of the waveguide output facet. Figure 5(b) shows that the output from the TE 00 -to-TM 00 mode converter (i.e., polarization rotator) has only one far-field lobe with TM polarization and that the TE-polarized far-field is very weak, indicating that the incident TE 00 mode has been completely converted into the TM 00 mode. The far-field profiles of the TE 00 -to-TM 10 and TE 00 -to-TE 10 mode converters have two lobes but have TM and TE polarization, respectively. The residual TE-polarized component in the far-field is negligible for the TE 00 -to-TM 10 mode converter ( Fig. 5(d) ), which indicates complete mode conversion. The far-field of the TE 00 -to-TE 10 mode converter ( Fig. 5(f) ) is non-ideal because of an imperfectly cleaved waveguide output facet.
Low-loss waveguide mode converters based on dielectric gradient metasurfaces
The concept of gradient metasurfaces can be implemented in any materials systems that support optical resonances. In particular, gradient metasurfaces based on Mie resonators [28] [29] [30] allow us to significantly reduce the insertion losses of waveguide mode converters. waveguide and of a TE 00 -to-TM 00 mode converter, respectively. The measured TE and TM components must be contributed by the TE 00 and TM 00 waveguide modes, respectively, because the LiNbO 3 waveguides are designed to only support the fundamental TE and TM modes. Thus, the spectra in Fig. 6 (e) indicate that high quality TE 00 mode (i.e., purity >99%) is coupled into bare waveguides and propagates along the entire length of the waveguides (i.e., 2 mm); the spectra in Fig. 6 (f) indicate that when the dielectric gradient metasurface is patterned on the waveguides, the TE 00 mode launched into the device is converted into the high-purity TM 00 mode (i.e., purity 96% averaged over λ=1480-1580 nm). These results provide direct evidence that dielectric metasurfaces based on Mie resonators could be used as a low-loss platform for broadband, compact integrated photonic devices.
Discussion
Directional waveguide mode coupling demonstrated in this work is distinctive from optical
isolation. An optical isolator has an asymmetric scattering matrix that relates the incoming and out-going modes at the ports connected to the device, and can only be realized in systems with nonreciprocity [31] , such as systems with magnetic materials [32] , nonlinearity [33] , or temporal refractive index modulations [34] . However, the performance of our waveguide mode converters is reciprocal. For example, if the TM 10 mode is launched into the right port of the second device in Fig. 4(a) , it will be converted with high efficiency into the TE 00 mode exiting from the left port.
The integration of metasurface structures into integrated photonic circuits represents a new platform for broadband and highly efficient control of guided waves. In this new platform, control of waveguide modes is realized by light scattering at closely packed arrays of nanoantennas, where the distance between neighboring antennas is a few times smaller than the wavelength. Optical scattering at subwavelength intervals provides the strongest control over 8 guided waves among all device configurations. Therefore, integrated photonic devices based on metasurfaces could have a footprint much smaller than conventional devices based on ridge waveguides, where control of light is through light propagation and coupling via weak evanescent waves. The footprint of metasurface-based integrated photonic devices could also be smaller than that of devices based on photonic crystals, where control of light is through scattering at intervals (i.e., unit cells of the photonic crystals) comparable to the wavelength. The compact footprint of metasurface-based integrated photonic devices could enable a higher level of device integration, and more importantly, a broader device operation wavelength range, because of an inverse relation between the device dimensions and their working bandwidth [35] .
In fact, the mode converters we demonstrated can have lengths as short as twice of the free-space wavelength (e.g., the mid-infrared TE 00 -to-TE 10 mode converter and TE 00 -to-TM 00 polarization rotator in Fig. 5 ) and can maintain high-purity mode conversion over a wavelength range up to 35% of the central operating wavelength (Fig. 4(b) ), which are not achievable in previously demonstrated devices, including those based on photonic crystals [22] , directional couplers [36, 37] , microring resonators [38] , multichannel branching waveguides [39, 40] , Mach-Zehnder interferometers [41] , and periodically structured waveguides [42] . For example, in the last work, which reports the experimental realization of a TE 00 -to-TE 10 mode converter, the period, Λ, of the structured waveguides is chosen so that the reciprocal lattice vector, 2π/Λ, compensates the wavevector mismatching between two waveguide modes; whereas within each period, the waveguide is structured in a complex way to increase the coupling strength between the two modes. Nevertheless, because of the weak interaction between the modes and the structural perturbation to the waveguide, the length of the TE 00 -to-TE 10 mode converter realized in Ref. [42] is 14.5 times of the free-space wavelength. Furthermore, because the design is still based on periodic structures (rather than anisotropic metasurfaces that break the symmetry of waveguide mode coupling), the device works only for a single wavelength.
An additional advantage of using metasurfaces to control waveguide modes is that the scattering of light at nano-antennas can generate new polarization components, which enables us to realize conversion between TE and TM modes (Figs. 4-6) , whereas it is difficult to create birefringent waveguides and achieve on-chip polarization rotation in conventional device configurations [43] .
A comparison between the performance of our devices based on gradient metasurfaces and that In summary, our results show that waveguides integrated with gradient metasurfaces consisting of phased array antennas provide a versatile platform for realizing broadband, small-footprint, and low-loss integrated photonic devices. The demonstrated functionalities have great potential for device or system applications. For example, waveguide mode conversion is useful in modedivision and polarization-division multiplexing [36] [37] [38] [39] [40] [41] , which can increase the capacity of communication channels in integrated photonic circuits. The conversion from waveguide modes to surface waves can be used to build broadband integrated perfect absorbers, on-chip biochemical sensors, and small-footprint integrated photodetectors based on internal photoemission of hot electrons [48] . Furthermore, the effective unidirectional wavevector introduced by the gradient metasurfaces can help broadband phase matching in nonlinear optics.
Our preliminary study has shown that broadband, efficient second-harmonic generation can be realized in nonlinear waveguides patterned with gradient metasurfaces.
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Methods
Design of waveguide mode converters
We tailored the "array factor" and "form factor" of the gradient metasurface structure to realize efficient conversion between two waveguide modes. In the perspective of ray optics, the wavevector of each waveguide mode has its characteristic bending angle (Fig. 1) . Therefore, the role of the gradient metasurface should be to bend the wavevector of the incident waveguide mode by a proper amount so that the resulting wavevector matches that of a desired output waveguide mode. The incident waveguide mode interacts with the gradient metasurface consecutively, and each interaction bends the wavevector in accord with the magnitude and direction of the effective wavevector ∆k = dΦ/dx. Therefore, by controlling the "array factor" via properly choosing dΦ/dx and the length of the gradient metasurface, we can ensure that optical power is preferentially coupled into the desired waveguide mode.
The broadband performance of the mode converters is a result of the small device footprint. The optical analog of uncertainty principle prescribes that an object's spatial dimension is inversely proportional to its momentum spread in the k-space [35] . Our gradient metasurface structure has a length equivalent to only a few wavelengths; therefore, it is able to scatter an incident waveguide mode into any directions within a finite angular range that is inversely proportional to the length of the metasurface structure. The efficiency of coupling into a certain output waveguide mode will be high as long as its wavevector is within that finite angular range, and the wavevector of any other waveguide mode is outside of it.
The length of the metasurface structures we choose ranges from 2 to about 10 times of the freespace wavelength. For example, the mid-infrared TE 00 -toTM 00 and the TE 00 -to-TE 10 mode converters shown in Fig. 5 both have a length of 7.5 µm, which is about 1.9 times of their central operating wavelength, λ=4 µm; the telecom TE 00 -to-TM 00 mode converter shown in Fig. 6(b) has a length of 20.3 µm, which is about 13.3 times of its central operating wavelength, λ=1.53
µm. The length of the metasurface structures cannot be much shorter than a few times of the free-space wavelength because if their length is too short, the uncertainty of the unidirectional wavevector they provide will be too large, which will prevent us from achieving pure mode conversion.
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In addition to the "array factor", the selectivity of mode conversion can be enhanced by engineering the scattering pattern of individual antennas (i.e., "form factor"). Physically, the conversion between waveguide modes is mediated by optical scattering at the antennas.
Therefore, an essential condition for efficient coupling from one mode to the other is that the antenna near-fields and the waveguide modes have a large spatial overlap on the waveguide cross-section; that is ( ) waveguides. Polymethyl methacrylate (PMMA) electron-beam resist was used as the etch masks for defining Si waveguides. Care was taken to ensure that the antenna arrays and the waveguide etch masks were precisely aligned. Reactive ion etching was then used to etch waveguides. The etch masks were eventually removed.
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The telecom waveguide mode converters (Fig. 6) were processed from lithium niobate on insulator (LNOI) wafers, which consist of lithium niobate thin films bonded on silica substrates.
Electron-beam lithography and reactive ion etching were used to first pattern lithium niobate ridge waveguides. An amorphous silicon (a-Si) layer was then deposited over the etched surface using PECVD. A second electron-beam lithography and reactive ion etching step was used to pattern the a-Si layer that is on the top surface of the lithium niobate waveguides into arrays of nano-antennas. The fabricated waveguides and Si nano-antennas were cladded in a silica layer using PECVD. Finally, waveguide facets were diced and polished to ensure reliable and repeatable coupling efficiencies.
Detailed fabrication processes for the three types of devices shown in Figs. 3, 5 and 6 are described in Supplementary Section I.
Device layout and characterization
The devices that support asymmetric optical power transmission (Fig. 3) consist of a Y-branch waveguide and two gradient metasurface structures with opposite orientations. Each waveguide branch was patterned with one gradient metasurface. Linearly polarized light from a broadly tunable mid-infrared laser was butt-coupled into the input port of the devices. The guided optical power was equally split at the Y-junction and coupled into the TE fundamental waveguide mode in each of the two branches. A mid-infrared camera was used to image the optical spots at the two output ports of each Y-device. The camera images taken with a wire-grid polarizer were processed to quantify the differential optical power transmission through the two waveguide branches.
The mid-infrared waveguide mode converters (Fig. 5) consist of a grating coupler, a waveguide taper, a narrowed segment of waveguide, a 90-degree waveguide turn, a segment of waveguide patterned with a gradient metasurface structure, a second waveguide taper, and a cleaved facet for light out-coupling. Emission from a quantum cascade laser was collimated and focused onto the grating coupler. The narrowed segment of waveguide was used to purify the TE fundamental waveguide mode. The 90-degree turn in the waveguide was used to separate the signal propagating along the waveguide from the optical background guided by the silicon substrate.
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The incident TE 00 mode interacts with the gradient metasurface structure and is converted into a desired output waveguide mode, which eventually radiates into the far-field from the cleaved facet at the end of the device. The converted mode was characterized by raster scanning the farfield using a liquid-nitrogen-cooled single-pixel InSb detector. A wire-grid polarizer was placed in front of the detector to characterize the polarization of the output mode.
The telecom waveguide mode converters (Fig. 6) were characterized using a butt coupling setup.
Telecom light with tunable wavelengths was coupled into and collected from the polished facets of the lithium niobate waveguides using tapered lensed fibers. A 3-paddle fiber polarization controller was used to ensure that TE-polarized light was launched into the waveguides. The fiber-collected output light was converted into light propagating in the free space, and the TE and TM output polarization components were separated and detected using an InGaAs photodetector.
Detailed information on device layout and characterization is provided in Supplementary Section II. converter. The asymmetric far-field is due to defects on the cleaved waveguide output facet. The weak residual TE-polarized signal in the far field of the TE 00 -to-TM 00 and TE 00 -to-TM 10 mode converters indicates that the conversion from the TE-polarized incident mode to the TMpolarized output modes is quite complete. Notice that the offset of antenna array from the waveguide central axis is chosen to be 200 nm in (a) and 400 nm in (e) to achieve high purity mode conversion. The lengths of the TE 00 -to-TM 00 , TE 00 -to-TE 10 , and TE 00 -to-TE 20 
